Cord blood (CB) transplantations are associated with low graft-versus-host disease (GVHD). The pathophysiology of GVHD involves interaction and activation of different cell types, as lymphocytes and monocytes, and results in a cascade of cytokine production. After antigen or mitogen stimulation, CB monocytes release lower levels of cytokines than adult blood (AB) monocytes. In this study, the detection of intracellular IL-1␤ and TNF-␣ produced by monocytes was evaluated in response to tuberculin PPD to investigate whether the reduced capacity of CB monocytes to secrete cytokines could be related to an impaired functional activity and to a particular phenotypic profile. Results showed that the percentage of CD64 + monocytes producing intracellular IL-1␤ and TNF-␣ was significantly lower in CB and that the phenotypic profile of CB monocytes producing these cytokine (CD64 + CD14 + ) was different to that of AB monocytes (CD64 + CD14 + , CD64 + CD33 + and CD64 + CD45RO + ). These results suggest that the lower capacity of CB monocyte populations to produce IL-1␤ and TNF-␣ might be due to a functional immaturity of CB monocytes at the cellular level as reflected by the different phenotypic profile of CB monocytes. Bone Marrow Transplantation (2001) 27, 1081-1086. Keywords: cord blood monocytes; intracellular cytokine; GVHD; bone marrow transplantation Clinical observations of umbilical CB transplantation show a reduced incidence of GVHD compared to allogeneic bone marrow transplantation (BMT).
cytokines has been analyzed by several groups and showed differences in their functional behavior. [5] [6] [7] [8] [9] Our previous study showed that after recombinant IFN-␥ stimulation, CB monocytes released lower levels of IL-1␤ and TNF-␣ than AB monocytes. 10 These cytokines have multiple immunological and inflammatory functions and are known to play a crucial role in the pathogenesis of GVHD. 11, 12 Since cytokine production is an indication of cell function, the aim of this work was to determine intracellular production of cytokines in order to investigate whether the reduced capacity of CB monocytes to secrete IL-1␤ and TNF-␣ could be related to an impaired functional activity and to a particular phenotypic profile of CB monocytes. IL-1␤ and TNF-␣ production by PPD-stimulated cord and adult blood monocytes was assessed at the single cell level by flow cytometry.
Materials and methods

Collection of CB and AB samples
Cord blood samples (n = 10) were obtained from normal full-term deliveries and collected through the umbilical vein, after delivery and before the expulsion of the placenta into a closed plastic bag (Baxter, Deerfield, IL, USA) containing anticoagulant CPDA (citrate phosphate dextrose adenine). AB samples (n = 10) were collected from healthy volunteer AB donors. The specimens were transported to the laboratory and processed within 8 h of collection.
Monoclonal antibodies
Different directly conjugated monoclonal antibodies (mAbs) against surface antigens were used: CD64-Cychrome (Clone: 10.1; Pharmingen, San Diego, CA, USA), CD14-FITC (Clone: M5E2; Pharmingen), CD33-FITC (Clone: HIM3-4; Pharmingen), CD45RA-FITC (Clone: HI100; Pharmingen) and CD45RO-FITC (Clone: UCHL1; Pharmingen). Isotype-specific anti-mouse IgG1, IgG2a or IgG2b were obtained from Pharmingen. The anti-human IL-1␤ and TNF-␣ mAbs, mouse IgG1 and IgG2a controls for intracellular staining (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) were conjugated to PE.
Isolation of CB and AB monocytes
Human mononucleated cells (MNC) were isolated from whole CB and AB by density-gradient sedimentation over Ficoll Hypaque (LSM, International Medical, Brussels, Belgium). Monocytes were negatively selected from MNCs using StemSep and a monocyte enrichment kit containing a cocktail of mAbs (anti-glycophorin A, -CD2, -CD3, -CD19 and -CD56 (Stem Cell Technologies Inc., Vancouver, Canada)) as described by the manufacturer. More than 95% of isolated cells were CD64 + as determined by flow cytometry.
Culture of isolated monocytes with tuberculin PPD
Isolated monocytes were resuspended in X-vivo 15 medium (Biowhittaker, Walkersville, MD, USA). The suspensions were adjusted to a concentration of 2 × 10 6 monocytes/ml after microscopic counting (Bürker cell). Experiments were performed using 2 ml of the suspensions in polypropylene tubes containing or not 50 g/ml PPD (purified protein derivative of tuberculin) (Staten Serum Institute, Copenhagen, Denmark) and incubated at 37°C in 5% CO 2 in air for 2 h. Thereafter, cells were washed three times with serum-free medium to remove unbound PPD and afterwards cultured for 24 h in 2 ml of X-vivo 15 medium. Four hours before harvesting cells, Brefeldin A (BFA) was added to inhibit the protein transport inside the cell, thus retaining cytokines produced during activation by PPD. 13 Tubes were then centrifuged at 800 g for 10 min. The supernatants were collected and stored at −80°C until assayed for cytokines. Cells were prepared for surface and intracellular staining.
Cytokine assays
For the measurement of IL-1␤ and TNF-␣ in the culture supernatant of unstimulated or PPD stimulated CB and AB monocytes, specific Elisa assays were used (Genzyme, Cambridge, MA, USA) according to the manufacturer's recommendations and performed in duplicate. The detection limit of the Elisa was 3 pg/ml for both cytokines. Results obtained with supernatants were expressed as pg/ml.
Flow cytometric analysis of cytokine producing cells
We performed surface marker staining with fluorescenceconjugated mAbs immediately prior to intracellular staining.
14 After harvesting, cells were washed with X-vivo 15 medium and double-stained with CD64-Cy Chrome and CD14-FITC, CD33-FITC, CD45RA-FITC or CD45RO-FITC mAbs. Two ml of FACS Lysing Solution (Becton Dickinson, San Jose, CA, USA) was added to lyse residual red cells and to fix white cells for 10 min at room temperature in the dark. After centrifugation, supernatant was removed and 500 l of FACS Permeabilizing Solution (Becton Dickinson) was added for 10 min at room temperature in the dark. As a last step, permeabilized cells were washed with Isoton 2 (Coulter Electronics, Hialeah, FL, USA), centrifuged, the supernatant discarded and the cells incubated with intracellular IL-1␤-and TNF-␣-specific PEconjugated mAbs for 30 min at room temperature in the dark. After a further wash, the cells were resuspended in 1% paraformaldehyde (PAF) in Isoton 2. Three-color flow cytometric analysis was carried out on a FACSCalibur using Cellquest computer software (Becton Dickinson). A minimum of 5000 events was acquired for each tube. A gate was set on CD64-positive cells on a forward scatter vs Cy Chrome histogram. All percentage values were calculated on CD64 + cells.
Statistical analysis
All results were expressed as the median (and interquartile range) of the number (n) of observations. Comparison of percentage values between CB and AB, or unstimulated and PPD-stimulated monocytes was performed using the Mann-Whitney (non-parametric) U test. All statistical evaluations were analyzed using the INSTAT Computer Software package (Graphpad Software, San Diego, CA, USA). Statistical significance was accepted when P Ͻ 0.05.
Results
Secretion of IL-1␤ and TNF-␣
The presence of IL-1␤ and TNF-␣ in the supernatant of monocytes was assessed after 24 h of culture by Elisa.
Results obtained with CB were compared to those obtained with AB monocytes tested simultaneously in the same conditions. Both unstimulated CB and AB monocytes released very low levels of IL-1␤ and TNF-␣. In the presence of PPD, CB monocytes secreted high levels of IL-1␤ (141.5 pg/ml, 109.4-174.3; P Ͻ 0.05), but no TNF-␣ (5.5 pg/ml, 4.2-7). AB monocytes also released high levels of IL-1␤ (342.3 pg/ml, 302.7-416.1) and TNF-␣ (47.4 pg/ml, 40.8-51.7) after activation (P Ͻ 0.05). The difference in cytokine secretion between PPD-stimulated CB and AB monocytes was statistically significant (P Ͻ 0.05 for IL-1␤ and P Ͻ 0.005 for TNF-␣) (Figure 1a and b).
Intracellular cytokine detection
Flow cytometric assessment of cytokine staining showed the expression of IL-1␤ and TNF-␣ in individual samples of CB and AB PPD-stimulated CD64 + monocytes ( Figure  2 ). Both CB and AB stimulated CD64
+ monocytes produced IL-1␤ and TNF-␣. Experiments were performed with 10 samples of CB and 10 samples of AB and the median percentage of cells expressing each cytokine was analyzed. Results showed that a significantly reduced proportion of CB PPD-stimulated monocytes produced IL-1␤ (26.5%, 21.5-32) and TNF-␣ (21.8%, 15.3-26.3) compared with AB PPD-stimulated monocytes (74.9%, 70.4-77.9 for IL-1␤ and 50.4%, 42.9-57 for TNF-␣) (P Ͻ 0.005).
Cell surface marker expression
To explain the discrepancies in cytokine production, we considered the differences in monocyte subsets between CB and AB. The median percentages of CD64 + CD14 + , 
Phenotypic profile of cytokine-producing monocytes
Cytokine-producing monocytes were identified by simultaneous expression of CD64 and CD14, CD33, CD45RA or CD45RO molecules on CB and AB. Results for one sample of cord and one sample of adult blood are shown in Figure 3 . In all IL-1␤ producing CD64 (Figure 3b) . The results were derived from the number of cells in each secreting subset (top right quadrant) as a percentage of all cytokine producing CD64
+ monocytes represented by the two right quadrants of the histograms.
Relative percentage of different monocyte subsets expressing cytokines
The relative percentages of each subset of CD64 + CD14 + , CD64 + CD33 + , CD64 + CD45RA + and CD64 + CD45RO + cells producing IL-1␤ or TNF-␣ in the whole secreting CD64 + CB and AB monocyte populations were compared ( Figure  4 ). In CB, there was a reduced percentage of cells producing IL-1␤ in all four subsets. The difference between CB and AB was highly significant (P Ͻ 0.005) (Figure 4a ). (Figure 4b ).
Discussion
There have been numerous studies comparing the abilities of CB and AB MNCs and lymphocytes to produce cytokines, but monocytes alone are less well investigated. [15] [16] [17] [18] [19] Peripheral blood monocytes belonged to the mononuclear phagocytic system which plays a crucial role in phagocytosis and in accessory and immunoregulatory functions. These cells are known to produce a variety of soluble mediators like IL-1␤ and TNF-␣. 12 In this study, we first measured the level of these two cytokines in culture supernatant of unstimulated or PPDstimulated monocytes. Then we analyzed their production at the single cell level and tried to correlate this production with the phenotype of cytokine producing monocytes in CB and AB.
Previous studies have shown that after different antigen or mitogen (other than PPD) stimulation, cord and adult blood monocytes secreted IL-1␤ into the culture supernatants. [15] [16] [17] The results of our study confirmed that CB monocytes are able to release IL-1␤ after PPD stimulation, but less effectively than AB monocytes. A reduced mRNA expression and protein production of TNF-␣ in antigen-or mitogen-stimulated cord vs adult blood monocytes and MNCs were described by others and we confirmed that PPD also had a low effect on CB monocytes, whereas stimulated AB monocytes produced significant TNF-␣ levels in culture supernatant. 9, [18] [19] [20] CB lymphocytes are known to be naive cells compared to AB lymphocytes as revealed by CD45RA + expression. 15, 21, 22 In our study, analysis of the monocyte populations showed that both CB and AB monocytes contained a low proportion of CD45RA + cells, but AB mono- + population expressing IL-1␤ and TNF-␣ for one sample of CB and one sample of AB. The quadrants were set using isotype controls for each of the antibodies. cytes also presented a memory profile as determined by the specific marker CD45RO (Table 1) . 15, [21] [22] [23] The other markers (CD14 and CD33) were present on CB CD64
+ monocytes, but with a lower expression than on AB monocytes. In CB, the majority of monocytes were either CD64 (Table 1) . Previous investigators also reported that significant differences existed between cord and adult monocyte subpopulations based on the intensity of CD14 + expression with regard to coexpression of various antigens associated with specific effector function as CD16, CD36, CD11b and CD62L. 24 Analysis of intracellular cytokines showed that CB stimulated CD64
+ monocytes expressed lower intracellular levels of IL-1␤ and TNF-␣ compared to AB monocytes responsible for the reduced secretion of both cytokines by CB monocytes observed after culture (Figure 2 ). In our results, there was a discrepancy in CB monocytes which secreted only baseline levels of TNF-␣ despite the fact that 21% of CB monocytes were positively labeled with TNF-␣ PE. This difference could be explained by two hypotheses: (a) there was a block in cytokine secretion from intrato extracellular compartment; or (b) the cytokine production detected in intracellular did not correlate with the low quantity of TNF-␣ found outside the cell.
It has been suggested that the altered cytokine profile seen in CB lymphocytes is due to the low proportion of CD45RO + memory T cells. 25 The results presented in Figure 4b show that even if CB monocytes contained a lower percentage of CD64 + CD45RO + cells, the proportion of TNF-␣ producing cells in this subset was similar to that of AB. This confirmed that CB CD45RO
+ memory monocytes were able to produce cytokines and had some functional maturity in contrast to CD45RA
+ monocytes which were less effective in CB. This was not the case for IL-1␤ which was produced by a lower proportion of CB CD64 + CD45RO + cells compared to AB (Figure 4 ). In contrast to CB lymphocytes in which cytokines were produced predominantly by CD45RA
+ naive cells, we showed that CB CD64 + CD45RA + naive monocytes produced lower IL-1␤ and TNF-␣ than AB. Further subset analysis showed that in CB CD64 + monocytes, IL-1␤ and TNF-␣ were predominantly produced by CD14 + cells while in AB, these cytokines were produced by both CD14 + , CD33 + and CD45RO + cells (Figure 4 ). These findings suggested that CB monocytes were different from AB monocytes. The reduction in cytokine secretion by CB monocytes may be explained by many factors: (1) + monocytes in CB and AB. In conclusion, the reduced capacity of CB monocytes to produce IL-1␤ and TNF-␣ suggests that CB monocytes are functionally different from AB monocytes and that their functional immaturity is probably related to a specific phenotype of CB monocytes. These differences might contribute to the impaired immune response and the lower alloreactivity of CB cells observed in CB transplantation. 
